Patients with DMD have demonstrated functional abnormalities in the motor-related brain areas in previous PET, MRS, and TMS studies. We applied structural MR imaging and RS-fMRI in patients with DMD for the first time, and aimed to investigate the GMC and ReHo or local synchronization of spontaneous activity in the motor cortex.
D
MD is an X-linked recessive disease affecting 1 in 3300 males born and is the second most commonly occurring genetically inherited disease in humans. DMD is characterized by the well-known progressive skeletal muscle weakness and a different extent of cognitive impairment. 1 DMD is affected by the lack of dystrophin protein, which is normally localized in skeletal muscle fiber membrane, 2 cortical pyramidal neurons, and cerebellar Purkinje cells. [3] [4] [5] Dystrophin protein is expressed in the postsynaptic attenuation in cerebral pyramidal neurons but is deficient in both patients with DMD and the mdx mouse (an animal model of DMD). 3, 5, 6 In muscle, as a structural element, dystrophin protein plays an important role in stabilizing muscle fiber membrane. In the central nervous system, it may modulate synaptic terminal integrity, synaptic plasticity, and regional cellular signal-intensity integration. 7 Studies on the mdx mouse found dramatic loss of corticospinal neurons 8, 9 due to dystrophin deficiency.
While the aforementioned studies found abnormalities at a relative microstructural level, functional neuroimaging studies have also showed alterations in patients with DMD as well as mdx mice. A 1 H-MRS study found increased cerebellar choline/N-acetylaspartate ratio in patients with DMD. 10 MRS studies on mdx mice showed elevated choline-containing compounds in the cerebellum and hippocampus. 11 PET studies have reported an altered metabolism of glucose in the cerebellum 12, 13 and the right sensorimotor cortex. 13 A TMS study implicated decreased excitability in the left motor cortex in patients with DMD. 14 Brain MR imaging studies did not find prominent structural abnormality in DMD participants 10, 12, 13 and mdx mice. 15 The results of apparently normal structures on MR imaging in patients with DMD were obtained by visual inspection 12, 13 or by measuring the ventricle size. 10 In fact, a modern analysis technique called VBM has been widely used in neuroimaging studies, which measures the GMC in a voxelwise way and is sensitive to subtle gray matter changes. 16 Therefore, the first goal of the current study was to investigate the changes of GMC by using VBM.
Due to the radioactivity of PET, ethical constraints make it difficult to enroll healthy children. 12, 13 Compared with PET, BOLD fMRI has the advantages of no radioactivity and relatively high temporal resolution. However, almost all fMRI studies on neurologic disorders were conducted by using cognitive tasks to reveal specific high brain functions. It is too difficult for patients with DMD to complete these tasks well. It might be the primary reason why no such study has been car-ried out on patients with DMD. Recently, RS-fMRI is drawing more and more attention. 17 Low-frequency (0.01-0.08 Hz) fluctuation of BOLD signal intensity has been suggested as reflecting spontaneous neuronal activity. 18 The ReHo 19 analytic approach for RS-fMRI data is widely used to reveal local synchronization of spontaneous activity. It has been applied in various diseases such as schizophrenia, 20 early Alzheimer disease, 21 children with attention deficit/hyperactivity disorder, 22 ,23 normal aging, 24 depression, 25 and Parkinson disease. 26 Therefore, the second goal of the current study was to reveal the functional abnormality of DMD by using a RS-fMRI and ReHo analytic approach.
Given that the motor cortex may be the most vulnerable region in the brain of patients with DMD, the current pilot study will only focus on the bilateral PSMC and SMA. We hypothesized that the patients with DMD would have both decreased GMC and decreased local synchronization of spontaneous activity. We were also interested in which of the 2 measures would be more sensitive to the abnormalities in the motor cortex of patients with DMD.
Materials and Methods

Participants
Thirteen boys with DMD (age range, 4.3-14.0 years) and 15 healthy boys (age range, 7.9 -15.1 years; mean age, 10.3 Ϯ 2.4 years) participated in this study, and all the participants were right-handed. Three patients with DMD were excluded from further analysis due to excessive head motion (see "Data Analysis"); hence, there were 10 boys with DMD (6.4 -14.0 years of age; mean age, 9.3 Ϯ 2.0 years) left. The diagnosis of DMD was based on a history of progressive muscle weakness, physical symptoms, and elevated serum creatine kinase levels. The muscle biopsy showed absent dystrophin immunoreactivity in the muscle fiber membrane for each child with DMD.
We assessed the muscle strength of the upper and lower limbs in patients with DMD by using the Medical Research Council scale (0 -5) as follows: grade 5, normal strength; grade 4, slight-to-moderate weakness; grade 3, muscle can move the joint against gravity but not against any added resistance; grade 2, muscle cannot move the joint against gravity but only in absence of it; grade 1, a trace of contraction; and grade 0, no visible evidence of contraction.
This study was approved by Research Ethics Committee of the Third Hospital of Hebei Medical University. Written informed consent was obtained from each participant's parent or guardian. Each child agreed to participate in this study.
MR Imaging Procedures
The imaging, data were acquired by using a 1.5T scanner (Symphony; Siemens, Erlangen, Germany) at the Third Hospital of Hebei Medical University. Participants lay supine with the head snugly fixed by a belt and foam pads to restrict head movement. T1-weighted axial images were obtained with the following parameters: 500/12 ms (TR/TE), 20 sections, 5.0/1.0 mm (thickness/gap), 220 ϫ 220 mm FOV, 192 ϫ 192 (resolution), and 70°flip angle. This session lasted for 76 seconds. During the resting-state scanning, participants were told not to concentrate on anything in particular, just to relax with their eyes closed. Echo-planar BOLD images were acquired axially by using the follow- 
Data Analyses
VBM Analysis. The 3D-MR image preprocessing and VBM analyses were conducted with Statistical Parametric Mapping (SPM5, http://www.fil.ion.ucl.ac.uk/spm). Three patients with DMD were excluded due to extensive head motion by visual inspection (these 3 participants had also extensive head motion on fMRI). The individual 3D image was segmented into 3 kinds of density maps (ie, gray mater, white matter, and cerebrospinal fluid). The gray matter density (ie, the GMC map) was spatially normalized to a standard gray matter template in standard MNI space and resampled to 1 ϫ 1 ϫ 1 mm 3 .
Then the GMC map was smoothed with a Gaussian kernel of 8-mm FWHM.
Preprocessing of RS-fMRI Data. BOLD fMRI images were preprocessed with Statistical Parametric Mapping. The first 10 volumes were discarded to avoid transient signal-intensity changes before the longitudinal magnetization reached a steady state and to allow participants to get used to the fMRI scanning noise. The remaining 185 volumes were preprocessed, including section-timing, motion correction, spatial normalization to MNI space, and resampling to a spatial resolution of 3 ϫ 3 ϫ 3 mm 3 . Participants with head motion Ͼ2-mm maximum displacement in any direction of x, y, and z or 2°o f any angular motion during the fMRI scan were excluded from further analysis. Therefore, 3 boys with DMD were excluded. Finally, linear detrending and band pass filtering (0.01-0.08 Hz) were performed by using an in-house software, Resting-State fMRI Data Analysis Toolkit (REST, By Song Xiaowei et al; http://www.restfmri.net).
ReHo Analysis of RS-fMRI. This procedure was completed by using REST software. ReHo analysis 19 was performed on each participant by calculating the Kendall coefficient concordance of the time series of a given voxel with those of its nearest neighbors (26 voxels) in a voxelwise way. The ReHo of each voxel was divided by the individual global mean ReHo within a brain mask provided in the REST software. The brain-mask was obtained by removing the tissues outside the brain by using the software MRIcro (http://www.sph.sc.edu/ comd/rorden/mricro.html). This standardization procedure is the same as that used in PET studies. 27 Subsequently, the ReHo maps were spatially smoothed with an 8-mm FWHM Gaussian kernel.
Group Statistical Analysis
We defined bilateral PSMC and SMA as an inclusive mask based on the AAL 28 template (Fig 1) . Two-sample t tests were performed on the individual ReHo maps and GMC maps to reveal differences between boys with DMD and healthy controls. The resulting statistical maps were thresholded at P Ͻ .05 ( t Ͼ 2.07) with a cluster size Ͼ405 mm 
Correlation Analysis
We analyzed the correlation between the muscular strength and the deceased ReHo values or GMCs in patients with DMD by using the Statistical Package for the Social Sciences, Version 11.5 (SPSS, Chicago, Illinois).
Results
There was no significant difference in age between the 2 groups of participants (patients with DMD, 9.3 Ϯ 2.0 years; controls, 10.3 Ϯ 2.4 years, P ϭ .285). The age of patients with DMD showed significantly negative correlation with the muscle strength of the distal limbs (P ϭ .009 in the upper limb; P ϭ .012 in the lower limb; Table 1 and Fig 2) . Compared with healthy controls, the boys with DMD showed decreased ReHo in the bilateral PSMCs and SMAs (Table 2 and Fig 3A) . The VBM analysis showed decreased GMC in patients with DMD compared with the controls in the left PSMC (Table 2 and Fig 3B) . Although t tests on ReHo have been used in many studies, there has been no normality test on ReHo, to our knowledge. We performed the KolmogorovSmirnov normality test on the mean ReHo value of the 4 regions shown in Table 2 . All 12 tests (4 for the DMD group, 4 for the healthy group, and 4 for the total group) showed that the ReHo value is under normal distribution (P values ϭ .052-.200). Future studies on a large group will further address this issue.
There was a significant negative correlation between the ReHo value in the left PSMC and the muscle strength of the distal upper limb when age was taken as a covariate (r ϭ Ϫ0.784, P ϭ .012; Table 3 and Fig 4) . No other significant correlations were found between the muscle strength and ReHo value or GMC.
Discussion
By using both structural and functional MR imaging, the current study found decreased GMC and decreased local synchronization of spontaneous activity in the motor cortex of patients with DMD compared with healthy controls.
In this study, we found deceased GMC in the left PSMC in patients with DMD compared with age-matched controls by using VBM. A few previous MR imaging studies could not find structural abnormalities in the brains of patients with DMD by visual inspection, 12, 13 or by measuring the ventricle size. 10 VBM is a modern analysis technique for measuring the GMC in a voxelwise way and is sensitive to subtle gray matter changes. 16, 31 The current study provided direct evidence of gray matter loss in the motor cortex of patients with DMD.
We also found deceased ReHo (ie, decreased intraregional or local synchronization) in the PSMC and SMA in patients with DMD compared with age-matched controls. To the best of our knowledge, this is the first fMRI study of patients with DMD. The current results are partly consistent with previous results of studies of functional abnormalities in the motorrelated brain areas of patients with DMD. A PET study 13 compared 10 boys with DMD (5.2-16.2 years of age, with a mean age of 11.8 years) with 17 healthy adults (21.1-38.2 years of age, with a mean age of 27.6 years) and found decreased glucose metabolism in patients with DMD in the right sensorimotor cortex. A TMS study implicated decreased excitability in the left motor cortex in patients with DMD (n ϭ 4). 14 Taken together, all the above functional techniques including PET, TMS, and RS-fMRI suggested prominent functional abnormality in the motor cortex of patients with DMD. In addition, the current results indicate that the functional abnormality as revealed by ReHo is more extensive than the structural abnormality obtained by VBM (Fig 3A versus Fig 3B) .
The neural mechanisms underlying the gray matter loss and decreased local synchronization of spontaneous activity in the motor cortex of patients with DMD remain unclear. Dystrophin has been found to be absent in the postsynaptic attenuation of patients with DMD or the mdx model's brain. 3, 5, 6 To what extent the absence of dystrophin has contributed to the decreased ReHo and decreased GMC in patients with DMD needs to be elucidated in the future studies.
The current study found that the patients' ages had significant negative correlations with the muscle strength of distal limbs (Table 1 ). This result was very consistent with that in the literature, 32 indicating that the deceased muscle strength is closely related to the progressive deterioration of the disease. We performed correlation analysis between muscle strength and neuroimaging indices (ReHo and GMC value). There were a total of 20 pairs of correlation analysis (Table 3) , but only 1 pair (ie, the ReHo value in the left PSMC) showed significant negative correlation (r ϭ Ϫ0.784, P ϭ .012) with the muscle strength of the distal upper limb. This negative correlation seems to be counterintuitive because both the ReHo value and muscle strength are significantly decreased in patients with DMD. However, an mdx model study found that the number of parvalbumin-positive and calbindin-positive neurons increased more selectively in the sensorimotor cortex in mdx mice than in wild-type ones, implying a functional compensation process. 33 Two TMS studies 34, 35 found that patients with other types of muscular dystrophy showed reduced inhibition in the primary motor cortex, indicating a compensatory mechanism. Thus, given the combined results of the negative correlation between ReHo and muscle strength, the current study might suggest that though the regional functional synchronization in motor cortex decreased significantly in patients with DMD, local functional compensation may also exist due to muscle-strength impairment. However, such a P value (.012) would no longer be significant when taking multiple comparison correction into account by using the Bonferroni method (ie, .05/20 ϭ .0025). Future studies with a larger sample size will further investigate the correlations between brain imaging measures and the severity of symptoms, including cognitive measurements.
In this study, we were only interested in the motor cortex, including the PSMC and SMA; therefore, we used a less strict threshold (P Ͻ .05). Due to the relatively small sample size, the statistical power will be a concern if the entire brain (ie, a huge number of voxels) is analyzed. The results of the current pilot study need to be validated in future studies.
Conclusions
Boys with DMD showed decreased local synchronization of spontaneous activity and decreased GMC in the motor cortex, in addition to skeletal muscle dysfunctions. Furthermore, we found that the functional abnormality is more extensive than structural abnormality, indicating that the functional index might be more sensitive. Future MR imaging studies on a larger sample will be helpful in exploring the brain mechanisms of DMD.
